1] Photochemistry in young plumes from vegetation fires significantly transforms the initial fire emissions within the first hour after the emissions are injected into the atmosphere. Here we present an investigation of field measurements obtained in a smoke plume from a prescribed savanna fire during the SAFARI 2000 field experiment using a detailed photochemical box-dilution model. The dilution used in the model simulations was constrained by measurements of chemically passive tracers (e.g., CO) near and downwind of the fire. The emissions of the dominant carbonaceous compounds, including oxygenated ones, were taken into account. The field measurements revealed significant production of ozone and acetic acid in the gas phase. The photochemical model simulations also predict ozone production, but significantly less than the measurements. The underestimation of the ozone production in the model simulations is likely caused by shortcomings of our current understanding of ozone photochemistry under the polluted conditions in this young smoke plume. Several potential reasons for this discrepancy are discussed. One possible cause could be the neglect of unmeasured emissions or surface reactions of NO 2 with methanol or other hydrocarbons. In contrast to the field measurements, no significant production of acetic acid was simulated by the model. We know of no gas-phase reactions that cause the production of acetic acid on the timescale considered here. Though many processes were well-simulated by the model, there is a need for further research on some key photochemical processes within young plumes from biomass burning and the potential interactions between gas and the particulate phases. These fundamental photochemical processes may also be of importance in other polluted environments.
Introduction
[2] The burning of vegetation is a major source of atmospheric trace gases (e.g., carbon monoxide (CO), volatile organic compounds (VOC)) and aerosol particles [Crutzen and Andreae, 1990; Andreae and Merlet, 2001] . Savanna fires are responsible for the largest single contribution to the annual, global biomass burning emissions, with most savanna fires occurring in Africa [Dwyer et al., 2000 ].
[3] The impact of fires on the composition of the earth's atmosphere on regional and global scales has been extensively documented by field observations and model simulations. A number of field experiments have focused on the impact of biomass burning emissions on atmospheric composition in different regions (e.g., the Southern Tropical Atlantic Region Experiment (STARE) [Andreae et al., 1996b] , the Experiment for Regional Sources and Sinks of Oxidants (EXPRESSO) [Delmas et al., 1999] , the Smoke, Clouds, and Radiation-Brazil experiment (SCAR-B) [Kaufman et al., 1998] , and the Southern African Regional Science Initiative (SAFARI 2000) [Swap et al., 2002 [Swap et al., , 2003 ). Field observations show that emissions from biomass burning can dominate the atmospheric composition in Africa and South America during the dry season [Artaxo et al., 1994; Anderson et al., 1996; Reid et al., 1998; Kirkman et al., 2000; Sinha et al., 2003b] . Satellite observations provide evidence that vegetation fires influence the atmospheric composition regularly on regional to global scales, especially in the tropical region [e.g., Fishman et al., 1991 Fishman et al., , 2003 Thompson et al., 2001; Torres et al., 2002; Bremer et al., 2004] . Field observations indicate that a significant fraction of enhanced ozone concentrations on regional scales are due to photochemical production of ozone in plumes from biomass burning before transport to the regional scale [Mauzerall et al., 1998; Kondo et al., 2004] . Several model studies confirm the impact of fire emissions on the level of primary (e.g., CO, aerosol particles) and secondary pollutants (e.g., ozone) in the atmosphere on regional and global scales on a regular basis [e.g., Jacob et al., 1992; Chatfield et al., 1998; Mauzerall et al., 1998; Lelieveld and Dentener, 2000; Marufu et al., 2000; Peters et al., 2002; Duncan et al., 2003a Duncan et al., , 2003b . Tropospheric ozone is a potent greenhouse gas, a contributor to air pollution, and influences the oxidation capacity of the atmosphere [Prather et al., 2001; Ramaswamy et al., 2001] . Understanding and predicting the atmospheric ozone concentration is therefore important.
[4] Photochemical production of tropospheric ozone and/ or acetic acid in young smoke plumes within the first hours after the smoke is injected into the atmosphere has been observed regularly [e.g., Evans et al., 1974 Evans et al., , 1977 Radke et al., 1978; Stith et al., 1981; Hobbs et al., 1996 Hobbs et al., , 2003 Goode et al., 2000; Takegawa et al., 2003; Jost et al., 2003; Yokelson et al., 2003a] . Unexpectedly low methanol (CH 3 OH) mixing ratios have been found in young cloudprocessed smoke suggesting a new heterogeneous methanol sink Tabazadeh et al., 2004] . Modifications of the physical, chemical, and optical properties of emitted smoke aerosol in young plumes from biomass burning have also been observed [Liousse et al., 1995; Hobbs et al., 1996; Magi and Hobbs, 2003; Li et al., 2003; Gao et al., 2003] . The formation of a convective cloud due to the fire-induced convection leads to limited aerosol scavenging and significant interaction between the cloud and the smoke particles [Radke et al., 1991 [Radke et al., , 2001 Reid et al., 1999; Andreae et al., 2004] .
[5] While the impact of fire emissions on the large-scale atmospheric composition has been studied extensively with numerical models, young smoke plumes (<6 h old) from individual fires have received less attention. However, studies of young smoke plumes of precisely measured age offer insights into fundamental atmospheric processes. In addition, the pronounced changes of the primary fire emissions occurring in young plumes from biomass burning during the first hours after release into the atmosphere strongly modify the larger-scale impact of biomass burning. These processes should be considered as realistically as possible in large scale atmospheric models. Therefore, careful investigation of the processes in young smoke plumes using field measurements and model simulations has the potential to improve our understanding of fundamental atmospheric processes and the parameterization of fire emissions in larger scale models.
[6] Model studies of the photochemistry occurring in young smoke plumes have dealt with the potential impact of neglecting early plume chemistry in larger-scale models [Chatfield and Delany, 1990; Poppe et al., 1998 ] and the role of oxygenated volatile organic compounds (OVOC) [Mason et al., 2001] . Using a three-dimensional plume model, Trentmann et al. [2003a] studied the effects of the absorbing properties of the smoke aerosol on photochemistry. In a recent study, a box-dilution model constrained to field measurements from a wildfire in Namibia has been employed to investigate observed ozone and acetone production [Jost et al., 2003] . However, all of these studies suffer from limited field observations to constrain and evaluate the model results.
[7] As part of the dry season campaign of SAFARI 2000, the University of Washington's Convair-580 aircraft conducted 29 research flights from 10 August to 18 September 2000 in Southern Africa. For a detailed description of the various mission objectives and airborne instrumentation see Appendix A by P. V. Hobbs in Sinha et al. [2003a] . Here we focus on measurements obtained on 7 September 2000 (UW flight number 1834) in the plume from a prescribed savanna fire in the Timbavati Game Reserve (the Timbavati fire) near Kruger National Park, South Africa . These measurements represent the most detailed observations to date of young fire emissions and their atmospheric evolution within the first hour. The focus of this work is to evaluate our current understanding of the photochemical processes in this smoke plume by comparing the measurements with results from a detailed photochemical box-dilution model. The extensive suite of measurements of chemical compounds allows a comprehensive evaluation of the model results. We present results from a reference simulation using emissions based on the field measurements and recent laboratory studies. By comparison of the model results with the field measurements we evaluate the success of the model in reproducing the measurements (e.g., the fast production of ozone and acetic acid, and the decay of hydrocarbons). Taking into account the uncertainty of the measurements, the descrepancies between the measurements and the model results will be interpreted as a lack of knowledge in our understanding of the chemical processes occuring under the polluted conditions of this smoke plume. Exploratory model simulations will be used to investigate the impact of a number of parameters on the model results and on the comparisons of the model results with the measurements. The results from this study, especially the inability of the model to reproduce the fast production of ozone and acetic acid, have potential implications for our understanding of atmospheric photochemistry, not only in young plumes from biomass burning, but also under similar polluted conditions.
Observations
[8] The plume from the Timbavati fire has been intensively studied and is described by Hobbs et al. [2003] . Following a description of the instruments used, we give a brief overview of the measurements relevant to the present study.
Instrumentation
[9] The Timbavati fire in South Africa was a prescribed savanna fire that burned an area of %1000 ha between 0801 UTC and 1130 UTC (local time = UTC + 2 h) on 7 September 2000 at 24.38°S, 31.25°E. The University of Washington's Convair-580 was used to measure the primary emissions from the fire and their evolution in the atmosphere between 0842 and 1036 UTC. The aircraft was equipped with instruments to measure chemical compounds, radiation, meteorological quantities, and aerosol properties (see Appendix A by P. V. Hobbs in Sinha et al. [2003a] for a full list of instruments). The present study focuses on data collected by the Airborne Fourier Transform Infrared Spectrometer (AFTIR) onboard the aircraft .
[10] The AFTIR was deployed with a separate, specially coated inlet ] that directed ram air through a Pyrex multipass cell with an exchange time of 3 -5 sec. An infrared spectrum was acquired every 0.83 sec allowing the determination of mixing ratios of water vapor (H 2 O), carbon dioxide (CO 2 ), CO, and methane (CH 4 ). For the sampling of the smoke plume, the valves of the cell were closed near the peak of the CO absorption in the cell, and spectra were obtained for 2 -3 min. Averaging of these spectra allowed the retrieval of excess mixing ratios of a number of gases in the smoke plume compared to the ambient air. The gases were H 2 O, CO 2 , CO, nitric oxide (NO), nitrogen dioxide (NO 2 ), CH 4 , ethene (C 2 H 4 ), acetylene (C 2 H 2 ), formaldehyde (HCHO), methanol (CH 3 OH), acetic acid (CH 3 COOH), formic acid (HCOOH), ammonia (NH 3 ), ozone (O 3 ), hydrogen cyanide (HCN), and nitrous acid (HONO). The absolute uncertainty and the detection limit were 5 -10 ppb for most compounds, but 15-20 ppb for NO x , HCHO, CH 3 COOH, and O 3 . For a detailed description of the sampling strategy, the retrieval technique, and the sources of uncertainty see Yokelson et al. [2003a, and references therein] .
[11] In addition to the AFTIR measurements, five stainless steel canisters were filled with air from the Timbavati plume (the sampling time per canister was %30 s), and later analyzed at the University of California, Irvine, by gas chromatography (GC) with flame ionization detection (FID) and electron capture detection (ECD) for a number of compounds, including CO, CH 4 , C 2 H 4 , C 2 H 2 , which are also used in the present study. Details of the analysis and the uncertainties can be found in Colman et al. [2001] .
[12] In situ ozone measurements outside the plume were conducted up-and downwind of the fire using a TEI Model 49C instrument based on UV absorption.
Measurements
[13] The observational strategy involved extensive measurements near the fire to characterize the primary fire emissions and several measurements at different distances downwind of the fire to characterize the evolution of the smoke emissions in the atmosphere. During the course of the first hour after the emissions had been injected into the atmosphere, significant modifications of the initial fire emissions were observed .
[14] One of the main findings was the observation of fast photochemical production of ozone, leading to an enhancement ratio between ozone and carbon monoxide (defined as the ratio of the excess mixing ratio in the plume compared to the background atmosphere) of about 8.5% within the first hour after the emissions were injected into the atmosphere. Also the enhancement ratio between acetic acid and CO increased from about 1.5% over the fire to about 6% downwind of the fire. Similar ozone and acetic acid production rates were observed in two other smoke plumes from savanna fires during SAFARI 2000 . The increase in the ozone enhancement ratio was faster than observed in previous studies from other types of fires [Hobbs et al., 1996; Goode et al., 2000; Jost et al., 2003] . Other findings from the Timbavati plume include an estimate of the concentration of the OH radical based on the decrease of the enhancement ratios between a number of hydrocarbons and CO . The hygroscopic properties of the smoke aerosol changed significantly within the first hour potentially due to the observed conversion of KCl in young smoke particles to K 2 SO 4 and KNO 3 in aged smoke particles [Li et al., 2003] . Formation of particulate nitrate, sulfate, and organic compounds, and depletion of chlorine were also observed ].
[15] Tables 1 and 2 summarize the relevant measurements from the Timbavati plume. The background values used to calculate the mixing ratios from the measurement of the excess mixing ratio from the AFTIR are taken from AFTIR and canister measurements, where available. The average wind speed in the plume was 9.3 m s À1 for the samples collected between 500 m and 900 m a.g.l. (above ground level). Three AFTIR and one canister sample were taken at substantially higher elevation (between 1430 m and 1710 m a.g.l.), in the upper part of the plume, where the wind speed dropped to an average value of 7.3 m s À1 . This was taken into account in the calculation of the age of the samples. The uncertainty of the wind speed was assumed to be ±1.5 m s À1 taking into account measurement uncertainties and atmospheric variability. The wind speed used in the present study differs slightly from the the value used in the previous study of the Timbavati fire , but is considered more accurate based on later analysis.
[16] Figure 1 shows the vertical temperature and ozone profiles measured upwind of the Timbavati fire. A strong temperature inversion is present at a height of about 1400 m. The ozone mixing ratio varies between 35 ppb and 45 ppb. The corresponding profile for the relative humidity can be found in Hobbs et al. [2003, Figure 4 ].
[17] The measurements were not exactly performed in a Lagrangian fashion. However, from measurements of the DCO/DCO 2 and other enhancement ratios obtained near and downwind of the fire at different times, it was found that the emission characteristics changed much less than the downwind changes observed by Hobbs et al. [2003] .
Model Description
[18] Major goals of this study include investigating the processes that lead to the observed increases in the ozone and acetic acid mixing ratios in the plume from the Timbavati fire, and to evaluate our understanding of the underlying photochemical processes. For this purpose we employ a photochemical box-dilution model, which includes an up-to-date representation of atmospheric photochemistry and mixing of the plume air with ambient air. An earlier version of the model has been used in a previous study of the photochemistry in another smoke plume observed during SAFARI 2000 in Namibia [Jost et al., 2003 ]. The photochemical model includes the atmospheric oxidation of the main compounds emitted from savanna fires , namely, CO, CH 4 , ethane (C 2 H 6 ), C 2 H 4 , C 2 H 2 , propane (C 3 H 8 ), C 3 H 6 , 1-butene (C 4 H 8 ), HCHO, glycolaldehyde (OHCH 2 CHO), acetaldehyde (CH 3 CHO), methanol (CH 3 OH), HCOOH, CH 3 COOH, isoprene (C 5 H 8 ), acetone (CH 3 COCH 3 ), acetol (CH 3 COCH 2 OH), methylvinylether (CH 3 OCHCH 2 or MVE), methylethylketone (CH 3 COC 2 H 5 or MEK), toluene (C 6 H 5 CH 3 ), phenol (C 6 H 5 OH), furan (C 4 H 4 O), 2-methylfuran (C 5 H 6 O), NO, NO 2 , HONO, HCN, sulfur dioxide (SO 2 ), ammonia (NH 3 ), and molecular hydrogen (H 2 ). The photochemical model has been expanded substantially compared to the study of Jost et al. [2003] to account for the recently reported more comprehensive set of emissions from savanna fires . The above VOC were estimated to account for %70% of the carbon emitted as VOC ].
[19] The selection of reaction rate coefficients is mostly based on recent evaluations [Sander et al., 2003; Atkinson et al., 1997 Atkinson et al., , 2004 with some updates based on recent laboratory measurements. The rate coefficient for the OH reaction with CO is taken from McCabe et al. [2001] . Recent measurements of the reaction rates for the O( 1 D) radical and subsequent formation of the OH radical were employed Ravishankara, 2004a, 2004b] . The temperature-dependent rate coefficient for the reaction of acetic acid with OH was adopted [Butkovskaya et al., 2004] . The reaction rate and the products for the OH-oxidation of acetone are taken from recent studies Talukdar et al., 2003] , Oxidation of isoprene is described based on the Mainzer Isoprene Mechanism (MIM) [Pöschl et al., 2000] . The rate coefficient for the OH-induced oxidation of phenol is taken from Calvert et al. [2001] , the resulting products and subsequent oxidation steps are based on recent works [Platz et al., 1998; Olariu et al., 2000 Olariu et al., , 2002 Berndt and Böge, 2003] . The oxidation of toluene was included as presented in Wagner et al. [2003] . The atmospheric oxidation of methyl ethyl ketone was taken from Bonn et al. [2004] . Oxidation of methyl vinyl ether and the resulting methyl formate was taken into account [Grosjean and Williams, 1992; Calvé et al., 1997; Good et al., 1999; Klotz et al., 2004] . Three heterogeneous reactions on smoke aerosol are included in the standard simulations: the uptake of NH 3 , hydrolysis of N 2 O 5 , and formation of HONO from NO 2 . The reaction rates are calculated as firstorder rate coefficients k het = a Dg þ 4 gc À1 Â A, where a is the mass median radius of the aerosol particles, D g is the gasphase molecular diffusion coefficient in air, g is the uptake coefficient, c the mean molecular speed, and A the aerosol surface area [Jacob, 2000] . Photolysis frequencies are calculated with the method of Landgraf and Crutzen [1998] , using the Practical Improved Flux Method (PIFM) [Zdunkowski et al., 1982] for the simulation of the actinic flux under clear sky conditions. For the photolysis reactions for which the required polynomial coefficients are not available, linear correlations with the photolysis frequencies for other reactions were used [von Kuhlmann et al., 2003 ]. The full reaction mechanism includes about 255 chemical compounds and about 600 reactions. The Kinetic PreProcessor (KPP) [Damian et al., 2002; Sandu et al., 2003 ] was used to solve the set of differential equations for the chemical species.
[20] Mixing of plume air with ambient air is the main reason for the decrease of the mixing ratios of the fire emissions in the plume with distance from the fire. In the model simulations, the dilution for each compound is assumed to be proportional to the product of the gradient Here bdl, below detection limit. Ambient mixing ratios taken from global model simulations using the GEOS-CHEM model, provided by Lyatt Jaeglé (HCHO, NO x ) and the MATCH-MPICH model, provided by Rolf von Kuhlmann (CH 3 OH, HCOOH, CH 3 COOH). b The ambient ozone mixing ratio is based on airborne in situ measurements obtained upwind the fire using the TEI Model 49C. The numbering of the samples is the same as that used by Hobbs et al. [2003] . Here bdl, below detection limit. Ambient mixing ratios taken from AFTIR measurements (A) and canister samples (C), measured by D. Blake, UCI; highlighted samples were taken in the upper part of the plume; the numbering of the samples is the same as that used by Hobbs et al. [2003] .
of the concentration between the plume and the ambient air and the normalized change of the plume width [Poppe et al., 1998; Mason et al., 2001] . For the calculation of the temporal development of the plume width, we follow the approach of Sillman et al. [1990] , which has been used in other studies of plumes from biomass burning [Jacob et al., 1992; Mauzerall et al., 1998; Mason et al., 2001; Jost et al., 2003] . The mixing ratios in the ambient air are assumed to remain constant over the time period of the model simulations. The dilution coefficients are derived from observations and are presented in section 5.1.
Model Initialization
[21] Table 3 presents the ambient mixing ratios, the initial mixing ratios of CO and O 3 in the plume, and the emission ratios used in the model simulations. The initial CO mixing ratio was calculated as the average of samples (a) and (2) from Table 1 . Negative excess ozone mixing ratios were measured near the fire in the Timbavati plume , indicating significant depletion of ozone via the reaction with the emitted NO. To account for this effect, the initial ozone mixing ratio was set to 5 ppb (i.e., 37 ppb lower than the assumed ambient mixing ratio). Due to rapid mixing the simulated ozone mixing ratio in the plume quickly reaches the ambient value and the model results do not depend on the value of the initial ozone mixing ratio. If available, the emission ratios were taken from measurements obtained in the Timbavati plume. In addition, data from a recent laboratory study based on the burning of African savanna fuels was used . The ambient mixing ratios were taken from measurements obtained in the vicinity of the Timbavati plume, if available. When no field measurements of ambient air were available, results from global model simulations (GEOS-CHEM [Bey et al., 2001; Sinha et al., 2004] and MATCH-MPIC [von Kuhlmann et al., 2003 ]) were used. The initial particle number concentration was set to 90,000 cm À3 based on field measurements , the mass median surface area and particle radius were assumed to be 2 Â 10 À9 cm 2 and 100 nm, respectively, based on particle size distribution measurements from another wildland fire during SAFARI 2000 [Haywood et al., 2003 ].
[22] The pressure, temperature, and relative humidity in the model simulation were set to 900 hPa, 288 K, and 45%, respectively, based on aircraft measurements. Variation of these parameters within a reasonable range did not lead to a significant change in the model results. Surface albedo was set to 5%, consistent with measurements from the Solar Spectral Flux Radiometer (SSFR) aboard the Convair-580 . The diurnal variation of the solar zenith angle was calculated for 24.38°S, 31.25°E on 7 September 2000. Model simulations were started at 1045 local time (=0845 UTC). Photolysis frequencies were calculated using the tropical US-Standard atmosphere scaled to a total ozone column of 288 DU based on TOMS observations (available at http://toms.gsfc.nasa.gov/ index.html). The impact of the smoke aerosol on the photolysis frequency was not taken into account in our standard simulations, because of the large associated uncertainties. In section 6.1, we present model results that include estimates for the radiative effects of the smoke aerosol based on measurements from the SSFR.
Model Results and Comparisons With Measurements
[23] In this section we present results from the model simulations and compare these results with the measurements.
Passive Tracers
[24] To realistically represent the dilution of the plume through mixing with the ambient air, the simulated dilution is chosen in such a way that the model is able to reproduce the observations of a passive tracer (e.g., CO). Two parameters, the initial width of the plume (y 0 in m) and the horizontal diffusion coefficient (K y in m 2 s À1 ), determine the dilution in the model simulations. For the simulations presented here, the initial width of the plume was held constant at 2 km, based on the observed width of the fire front , and K y was used to scale the simulated dilution.
[25] Figure 2 shows the simulated CO mixing ratio for three different values of K y (2500 m 2 s À1 , 7000 m 2 s À1 , and 15000 m 2 s À1 ) along with the measurements from the AFTIR and from the canister samples. The comparison between the measurements and the model simulations suggests that a value of 7000 m 2 s À1 for K y results in a reasonable representation of the average CO mixing ratio downwind the fire. However, especially for the measurements performed in the upper part of the plume (samples e, f, g, and 4 in Table 1 and the solid symbols in Figure 2 ), a dilution coefficient of K y = 2500 m 2 s À1 results in a better agreement between the observations and the model simulations. A value of K y = 15000 m 2 s À1 is used as an upper estimate for the dilution coefficient.
[26] Figure 3 shows the mixing ratios of CH 4 , C 2 H 2 , and HCN (Figures 3a -3c ) and their enhancement ratios with respect to CO (Figures 3d-3f ) in the Timbavati plume. These species are passive tracers on the timescale considered here, that is, their concentrations are not modified by known chemical reactions. In all cases, the model simulations match the observations well, with a tendency for the observations performed in the upper part of the plume (solid symbols) to be better reproduced with a lower modeled dilution. As expected, no change in the enhancement ratio between the passive tracers and CO along the plume was observed or simulated. We note that the values for the DCH 4 /DCO ratio determined from the canister samples are slightly lower than the corresponding values determined from the AFTIR measurements. The same conclusion can be drawn from Sinha et al. [2003a] , however, the difference is not statistically significant.
Ozone and Nitrogen Oxides
[27] Figure 4 presents the simulated and measured ozone mixing ratio and the DO 3 /DCO ratio in the Timbavati plume. The reported values of the ozone mixing ratio in the plume were determined by adding the ambient ozone mixing ratio of 42 ppb, as measured by the in situ UV absorption instrument, to the measured excess ozone mixing ratio by the AFTIR. This procedure leads to negative values of the ozone mixing ratio close to the fire, with error bars stretching to positive values. The model simulations show a much smaller increase in the ozone mixing ratio and the DO 3 /DCO ratio during the first hour after emission than the observations. The measured ozone mixing ratio increases up to a value of about 130 ppb at about 40 minutes, while the model yields only about 70 ppb (for the simulation with the low dilution coefficient). The model also fails to reproduce the measured increase in the DO 3 /DCO ratio up to a value of about 8.5%. The model results predict a DO 3 /DCO ratio between 4% and 5%, with the lower value corresponding to the use of the lowest dilution coefficient. This discrepancy suggests that one or more important processes for the photochemical formation of ozone in the Timbavati plume are not included in the simulations.
[28] Figure 5 presents the comparison between the measured and simulated mixing ratios for NO and NO 2 . We do not present enhancement ratios for these compounds due to the scarcity of data downwind of the fire for these compounds. We include, however, measurements that were below the detection limit of the AFTIR instrument (20 ppb for NO and NO 2 ). The model is able to reproduce the observed NO mixing ratio, but predicts NO 2 mixing ratios downwind of the fire that are above the detection limit of the AFTIR, in contrast to the measurements. This overestimation is especially striking for the measurements per- Hobbs et al. [2003] ; 4, the ambient mixing ratio of OHCH 2 CHO was assumed to be identical to CH 3 CHO; 5, taken from Christian et al. [2003] ; 6, taken from a global model simulation using the GEOS-CHEM model, provided by Lyatt Jaeglé; 7, emission factor of 2-methylfuran is assumed to be the same as for furan, based on Andreae et al. [1996a] ; 8, R. Yokelson, personal communication; 9, ambient NO and NO 2 mixing ratios based on NO x mixing ratio from the GEOS-CHEM model assuming photochemical equilibrium, provided by Lyatt Jaeglé; 10, emission ratio for HONO based on analysis of spectra from AFTIR sample (a), T. Christian, personal communication; 11, ambient formed in the upper part of the plume (solid diamonds in Figure 5 ). Here the model predicts NO 2 mixing ratios of more than 30 ppb (dashed line), while NO 2 was not detected in the AFTIR measurements, indicating an atmospheric mixing ratio in the Timbavati plume well below 20 ppb. This discrepancy suggests a missing loss process for NO x in the model simulations, or significantly lower initial NO x emissions for these samples.
Organic Compounds
[29] Figure 6 shows the measured and simulated C 2 H 4 , HCHO, and CH 3 OH mixing ratios and their enhancement ratios with respect to CO in the Timbavati plume. The AFTIR measurements of the C 2 H 4 mixing ratio and enhancement ratio in the upper part of the plume (solid diamonds in Figures 6a and 6d ) yielded significantly higher values than the canister measurements and the model simulations. The measured high enhancement ratio (about 3% for the high-plume measurements compared to 1.5% for the measurements taken near the fire) is particularly striking. As secondary production of ethene in the plume is unlikely (but cannot be ruled out), this finding suggests that the smoke in the upper levels of the plume had a different emission ratio for ethene (and perhaps other VOC) than the average plume. We also note that the mixing ratios and enhancement ratios of ethene with respect to CO close to the fire, as measured by the AFTIR, are higher than those measured by gas chromatography from the canister samples (1.5% compared to 0.9%). This has been noted for the full dataset from SAFARI 2000 [Sinha et al., 2003a] . A recent laboratory study did not find a significant difference between the DC 2 H 4 /DCO ratios determined by these different methods [Christian et al., 2004] . The slightly different sampling times between the AFTIR and the canister in the aircraft measurements might therefore be responsible for the variability between these two measurement techniques.
[30] For HCHO, the results from the model simulations compare well with the measurements of the mixing ratios and the enhancement ratios with respect to CO in the Timbavati plume, indicating no major lack of understanding in the formaldehyde photochemistry in smoke plumes on these timescales. The measurements obtained in the higher levels of the plume yield a slightly higher DHCHO/DCO ratio than the other measurements, indicating a slightly enhanced HCHO emission factor for this part of the plume. However, considering the uncertainties related to the enhancement ratios, the difference is not significant. In general, the measured and the modeled DHCHO/DCO ratio shows little variation, indicating that primary emissions dominated the HCHO mixing ratio in the plume during the first hour.
[31] The comparison between the measured and simulated mixing ratios and enhancement ratios for CH 3 OH reveals that the results from the model simulations are slightly higher than the measured values. This overestimation is especially pronounced for the measurements taken in the upper part of the plume (solid symbols and dashed line in Figure 6c ), where the measurements lay well below 20 ppb while the model predicts methanol levels of about 25 ppb. (Note the low detection limit and measurement uncertainty of 5 ppb for the methanol excess mixing ratio as measured by AFTIR.) This is an indication that the photochemical sink of methanol may be underestimated in the model simulations, at least for the measurement taken in the upper part of the plume. The reaction with the OH radical (8.5 Â 10 À13 cm 3 molecules À1 s À1 at 288 K [Jiménez et al., 2003] ) is the only sink for methanol considered in the standard model simulation.
[32] The simulated average OH concentration in the plume is 7.7 Â 10 6 molecules cm À3 ; lower than the value derived from the decay of hydrocarbons (1.7 Â 10 7 molecules cm À3 ), which was based on the previous wind speed estimate . Figure 7 presents the evolution of the measured and simulated enhancement ratio of four hydrocarbons with respect to CO in the Timbavati plume. All presented compounds are mainly oxidized by the OH radical, while CO can be considered chemically inert on the timescale of 1 h. The model closely follows the observed decrease of the ethene enhancement ratio, while it slightly underestimates the decreases of propene, isoprene, and 1-butene along the plume. This suggests that the OH concentration might be underestimated in the model. Higher OH concentration in the model would lead to enhanced production of ozone. However, uncertainties in the rate coefficients of the OH reactions of the mentioned organic compounds might also contribute to slight differences between the model results and the measurements.
[33] Figure 8 presents the measured and simulated formic and acetic acid mixing ratios and their enhancement ratios with respect to CO in the Timbavati plume. The measurements show a constant DHCOOH/DCO ratio downwind of the fire, while an increase in the DCH 3 COOH/DCO ratio from a value of about 1.5% to about 7% is observed. The model simulations result in a constant enhancement ratio for formic and acetic acid in the smoke plume (i.e., negligible photochemical production and destruction) in contrast to the observations for acetic acid. The measured increase of the DCH 3 COOH/DCO ratio suggests a modest source of gasphase acetic acid in the Timbavati plume. However, given the uncertainties in the field measurements, this trend might not be statistically significant. A similar increase has been observed in other African smoke plumes during SAFARI 2000 and in Alaskan smoke plumes [Goode et al., 2000] . The cause for this increase in the measured DCH 3 COOH/DCO enhancement ratio is unclear; possible processes to explain this observation are explored in section 7.
[34] In a previous study of a smoke plume in Namibia during SAFARI 2000, a downwind production of acetone was found, which could not be reproduced by model simulations using an earlier version of the model we used [Jost et al., 2003] . The model has been significantly extended since then to include the emissions and the photochemistry of chemical species recently found in biomass smoke , but still does not predict acetone production. It is interesting to note that we do find photochemical production of glyoxal ((CHO) 2 ), mainly from the oxidation of furan, leading to a simulated glyoxal mixing ratio of about 450 ppt, equivalent to an enhancement ratio with respect to CO of 0.055%. Glyoxal and acetone have the same molecular mass (58 amu), which makes them indistinguishable for methods employing mass spectrometry, such as the Atmospheric Pressure Chemical Ionization Mass Spectrometer (AP-CIMS) used by Jost et al. [2003] . Therefore it cannot be ruled out, as stated by Jost et al. [2003] , that at least part of the production attributed to acetone was due to the formation of glyoxal. The magnitude of the glyoxal formation found in the present study, however, is significantly smaller than the production of mass 58 found by Jost et al. [2003] . Methylvinylether (MVE), another compound with a molecular mass of 58, is also found in smoke from biomass burning . Photochemical formation of MVE has been neither observed nor simulated. Primary emissions of glyoxal were found to make no significant contribution to the emissions of mass 58 [Christian et al., 2004] . Based on the extended photochemical model used in the present study, the acetone production measured in the previous study still cannot be reproduced. This highlights the importance for a better characterization and quantification of the full suite of carbon compounds emitted by fires and their atmospheric photochemistry.
Sensitivities
[35] In this section we explore potentially important chemistry that could be added to the model to increase the agreement with the measurements.
Impact of Smoke-Modified Photolysis Frequencies
[36] The interaction of the smoke particles with solar radiation modifies the actinic flux available for photolytic reactions in smoke plumes. The overall effect of the smoke particles on the photolysis frequencies in the plume is sensitive to a number of factors, including aerosol optical depth, aerosol optical properties, the spatial distribution of particles, and three-dimensional effects [e.g., Dickerson et al., 1997; He and Carmichael, 1999; Jacobson, 1998; Früh et al., 2000; Trentmann et al., 2003b] . As these properties are not available to the required accuracy and they cannot be calculated within the present 0-dimensional model approach, a detailed representation of the interaction between the smoke particles and solar radiation, and the subsequent effect on photochemistry, is not possible here. However, an estimate of the impact of the smoke particles on the photolysis rates can be deduced based on measurements of the upward-and downward-irradiance measured onboard the University of Washington's Convair 580 aircraft using the SSFR . We evaluated the measurements of the upward-and downward-irradiance integrated between 350 nm and 450 nm performed at the times of the AFTIR measurements. A solar radiative transfer model [Stamnes et al., 1988; Mayer and Kylling, 2005 ] was used to convert the irradiance into actinic flux (the radiative quantity relevant for photodissociation of atmospheric molecules [Madronich, 1987] ). By comparing the retrieved values with corresponding ambient values, we conclude that a reduction of the actinic flux by 30% of the ambient value for the samples taken in the central part of the smoke plume, and an enhancement of 10% for the samples obtained in the upper part of the plume (i.e., samples e, f, g, and 4), are realistic approximations of the effect of the smoke particles on the photolysis frequencies in the Timbavati plume. Neglecting any potential wavelength dependence, we applied these factors to all photolysis frequencies in the model simulations. This assumption is justified for the photolysis reactions occuring in the UV/ visible range [He and Carmichael, 1999; Jacobson, 1998 ].
[37] Figure 9 shows the measured and the simulated ozone mixing ratios for the simulations with enhanced (to 110% of the ambient values) and reduced (to 70% of the ambient values) photolysis frequencies. Enhanced (reduced) photolysis frequencies lead to enhanced (reduced) ozone mixing ratios in the simulations. Enhancing the photolysis frequencies by 10% over the ambient value only slightly increases the simulated ozone concentration compared to the reference simulation under these conditions, while a 30% decrease significantly reduces the ozone mixing ratio in the model simulations. These results indicate that the reduction of the actinic flux inside the Timbavati plume had a more pronounced effect on the plume photochemistry than the enhancement in the upper part of the plume. It also suggests that there might be some shortcomings in the model simulations for the samples taken in the smoke plume since under the realistic assumption of a 30% reduction in the photolysis frequencies, the measured ozone mixing ratios cannot be reproduced by the model.
[38] We performed model simulations employing enhanced photolysis frequencies combined with less dilution (K y = 2500 m 2 s À1 ). Also under these conditions, the model cannot reproduce the observed high concentrations of ozone found in the samples taken in the upper parts of the plume. Therefore, we conclude that the underestimation of the simulated ozone concentration is most likely not due to the fact that we neglected the impact of the smoke aerosol on the actinic flux.
Uncertainties in the Emissions
[39] To assess the impact of uncertainties in the initial emission ratios on the simulated concentrations of ozone, we conducted model simulations assuming realistic uncertainties for the emission ratios. The primary goal of this study was to investigate if uncertainties in the initial emission ratios might be responsible for the underestimation of the ozone concentration in the model simulations. We note that only about 70% of the carbon emitted as VOC was identified in a recent laboratory study ]. In addition, it is reasonable to assume that the fireaverage initial emission ratios are uncertain by 20% due to natural variability of the emissions, uncertainties in the measurements, and the use of laboratory data for some compounds. Therefore, we attribute an uncertainty of 50% to the total-VOC/CO emission ratios. Photochemical ozone production in smoke plumes is mostly sensitive to the ratio of VOC-to-NO x emissions. To maximize the effect on the simulated ozone concentrations, we performed sensitivity studies by varying the NO x and VOC (including HONO) emissions independently. This results in significantly larger effects on the simulated ozone mixing ratios than does the assumption of a random distribution of the uncertainties in the emission ratios of the different compounds. We therefore consider the following estimates as upper limits for the impact of uncertainties in the fire emissions on the ozone mixing ratio.
[40] Figure 10 shows the results from the reference model simulation and the model simulations employing three different combinations of enhanced and decreased emission ratios for NO x and VOCs (including HONO) by 50% using a dilution coefficient of K y = 7000 m 2 s À1 . The model simulates the highest ozone mixing ratio when the emission ratios of the VOCs are enhanced and the NO x emissions are reduced. The simulated values are significantly higher than in the reference simulation. Therefore, photochemistry occurs in the VOCs limited regime, consistent with previous findings from comparable studies of young smoke plumes [Mason et al., 2001; Trentmann et al., 2003a] . Increasing both the VOC and the NO x emission ratios leads to a small increase in ozone compared to the reference simulation, while the simulation with simultaneously reduced VOC and NO x emissions leads to decreased ozone concentrations in the model simulations. Reduced VOC and enhanced NO x emissions lead to even less ozone production (not shown).
[41] To investigate whether the uncertainties in the initial emission ratios might be, at least partly, responsible for the underestimation of the ozone mixing ratio in the model simulations, we conducted model simulations using enhanced VOC and reduced NO x emission ratios using the three different dilution scenarios. The results of these simulations are shown in Figure 11 . The comparison between the simulated and the measured ozone mixing ratio and the DO 3 /DCO ratio is significantly improved compared to the reference simulation (see Figure 4 ). With these assumptions, the model is able to reproduce the observed ozone mixing ratios and enhancement ratios compared to CO. However, this scenario is probably an upper limit since it requires large and coordinated changes in the emission ratios of NO x and VOC to obtain a maximum effect on the simulated ozone concentration. Still, there is the possibility that much of the discrepancy between the results from the model simulations and the measurements can be explained by uncertainties in the initial emission ratios or omission of unmeasured compounds.
Effect of Heterogeneous Reactions
[42] Based on AFTIR measurements obtained in a smoke plume during SAFARI 2000, Yokelson et al. [2003a] found significant depletion of methanol in 5-minute old smoke that had been exposed to cloud water. Tabazadeh et al. [2004] conclude that this depletion cannot be explained by known homogeneous gas phase, heterogeneous, or aqueous phase chemistry. They attribute these observations to heterogeneous reactions occurring on the surface of cloud droplets, which are not included in standard atmospheric photochemical mechanisms. They derived estimates for the rates of the reactions of methanol with OH and NO 2 on the surface of the cloud droplets that are consistent with the measurements.
[43] The results presented here (see section 5.3) suggest that in the Timbavati plume there was a small unexplained (i.e., not reproduced by the model simulations) reduction of methanol (see Figures 6c and 6f) . The comparison between the measured and observed mixing ratio of NO 2 in the Timbavati plume also suggests a potential unaccounted sink for NO 2 in the model simulations (see Figure 5b) . A possible increase in the HCHO mixing ratio due to surface reactions, as suggested by the observations and the analysis of the cloud-processed smoke Tabazadeh et al., 2004] , is consistent with our analysis, but the difference between the model simulations and the measurements of HCHO for the Timbavati plume are not significant considering the uncertainties in the measurements (see Figures 6b and 6e ).
[44] No cloud was formed in the Timbavati plume and the relative humidity was fairly low (40 to 50%). We therefore assume that the smoke particles were covered only with a very thin film of water, if water was present at all on the surface of the aerosol. Recent laboratory studies found that organic aerosol particles are liquid even under rather low relative humidities, as was the case in the Timbavati plume [e.g., Brooks et al., 2003; Parsons et al., 2004; Marcolli et al., 2004] . Humidographs taken in the Timbavati plume do not show a deliquescence point of the aerosol, also suggesting the presence of mostly liquid particles . We therefore assume in the following that the proposed surface reactions occur on the surface of liquid organic smoke aerosol, which might be covered with a thin film of water. The reaction of methanol with NO 2 has been found to occur on a number of surfaces . Surface reactions on atmospheric aerosol have been found to be important in the marine boundary layer [Knipping et al., 2000] .
[45] To investigate the impact of the reactions of methanol on the surface of the organic smoke particles, the surface reactions of methanol with OH and with NO 2 , as proposed by Tabazadeh et al. [2004] , were included in the chemical mechanism:
We assume the second-order rate coefficients for (1) and
(2) to be 3.68 Â 10 À8 molec À1 cm 3 s À1 cm and 4.33 Â 10 À13 molec À1 cm 3 s À1 cm, respectively, corresponding to the values estimated for the reactions occurring on cloud water droplets [Tabazadeh et al., 2004] .
[46] Figure 12 shows the measured and simulated mixing ratios for ozone, methanol, and NO 2 , together with the DO 3 / DCO ratio for the reference simulation and three simulations that include the heterogeneous methanol reactions. Simulations were performed for the standard dilution scenario (K y = 7000 m 2 s À1 ). The inclusion of the heterogeneous reactions improves the comparison between the model results and the measurements. The model results are very sensitive to the value of the rate coefficient for the reaction of methanol with NO 2 . A ten-fold increase of this rate coefficient leads to significantly improved comparison between the model results and the observations for ozone, methanol, and NO 2 .
[47] Figure 13 presents measurements and results from model simulations employing a ten-fold increase in the reaction rate for the reaction of methanol with NO 2 for the same compounds as depicted in Figure 12 , and using the three values for the horizontal dilution coefficient, K y . The comparison between the model results and the measurements is much improved for all of the compounds shown. In particular, the model is now more able to simulate the low downwind concentrations of NO 2 (measurements below the detection limit of 20 ppb) in the low dilution scenario (dashed line, compare to Figure 5b ). We note that a photo-enhancement of the reaction of methanol with NO 2 has been observed , pointing to the possibility that this reaction was enhanced in the upper part of the plume where the measurements yielding the high ozone concentrations were performed.
[48] Based on the results presented in this section we conclude that the inclusion of the heterogeneous surface reaction between methanol and NO 2 on the smoke aerosol significantly improves the comparison between the measurements and the model results. Clearly more information from laboratory studies and field observations on the proposed surface reactions is required. This study points to their potential importance for photochemistry in young smoke plumes, leading to a reduced NO x lifetime and enhanced ozone formation.
[49] The heterogeneous reaction of methanol with NO 2 leads to the formation of radicals and the reduction of NO x , both of which favor enhanced ozone production under the polluted conditions of young plumes from biomass burning. Other similar reactions might have the same overall effect on the ozone production. Reactions of NO 2 with organic compounds and the subsequent production of radicals occur in the gas phase with a very low rate coefficient, making these types of reactions negligible for gas-phase atmospheric chemistry. In the aqueous phase, however, the reaction of NO 2 with aromatic compounds (e.g., phenol, leading to nitrite (NO 2 À )) has been found to take place [Alfassi et al., 1986] . Nitrite subsequently degasses to form gas phase HONO and OH radicals via photolysis of HONO. The reactions of NO 2 with aromatics in liquid water have been found to be important for the production of HONO under polluted conditions [Lahoutifard et al., 2002] .
[50] Considerable uncertainty exists concerning the possibility of similar reaction sequences that may occur on the surface or in the bulk of organic aerosol particles. A recent study indicates that the formation of HONO from heterogeneous NO 2 reactions is enhanced by the presence of semivolatile organics on diesel soot , while no significant HONO formation from NO 2 was found on the surfaces of secondary organic aerosol particles formed from the OH and O 3 oxidation of terpenes [Bröske et al., 2003] .
[51] A mechanism for the heterogeneous hydrolysis of NO 2 on thin water films leading to HONO formation has recently been proposed [Finlayson-Pitts et al., 2003; Ramazan et al., 2004] , and an additional photolytic source of HONO, possibly due to the photolysis of adsorbed nitric acid, has been observed [Zhou et al., 2002; Ramazan et al., 2004] . This reaction would also lead to an increased radical concentration and enhanced ozone production. Results from model sensitivity studies (not shown here) indicate that the uptake coefficient of the heterogeneous hydrolysis reaction of NO 2 leading to HONO and HNO 3 has to be enhanced by about three orders of magnitude, from its currently used value of g = 10 À6 , to significantly improve the comparison between the model simulations and the measurements.
[52] Indications of heterogeneous uptake of nitrogen compounds into the particulate phase, and the potential formation of nitrite, can be derived from the analysis of the aerosol composition as a function of distance from the fire. This analysis showed an increase of nitrate (NO 3 À ) relative to potassium (K) with increasing distance Hobbs et al., 2003] . However, according to the model results, the magnitude of this increase could be explained by the condensation of the HNO 3 , produced by gas-phase photochemistry. No gas-phase measurements of HNO 3 are available for the Timbavati plume to determine the distribution of nitrate between the gas and the particulate phase in this smoke plume, and therefore no decisive conclusions on this issue can be drawn at this point.
[53] Not enough information is available on heterogeneous chemistry involving organic smoke aerosol at low relative humidities to include a more detailed description of the above-mentioned processes. Clearly, future research should focus on a better characterization of the phase and the composition of smoke aerosol and chemical processes occurring on the surface or in the bulk of smoke aerosol. This study shows that reactions involving NO 2 and organic compounds (e.g., methanol) might play an important role in understanding chemical processes in young plumes from biomass burning and potentially in other polluted environments.
Further Investigations
[54] We investigated several further potential causes for the inability of the model to reproduce the observed ozone concentration using known atmospheric photochemistry.
[55] To exclude an effect of prescribed variables we conducted model simulations using different pressure, temperature, humidity, initial CO mixing ratio, and ambient ozone mixing ratio. None of these changes led to a significant improvement in the comparison between the model results and the measurements.
[56] To exclude potential problems with the particular numerical model used in this investigation, we conducted a model-model intercomparison with a comparable boxdilution model [Mason et al., 2001 ]. The latter model employs a recently updated version of the rather comprehensive NCAR Master Mechanism. In both model simulations, identical initial conditions and dilution scenarios were used. Comparison of the results from the two models for the Timbavati plume showed very good agreement for all compounds presented here [Carlson et al., 2003] . We conclude that the underestimation of the simulated ozone mixing ratio is not specific to the model used in the present study, but rather points to fundamental shortcomings in our understanding of the photochemistry in young smoke plumes.
[57] In recent laboratory experiments using African savanna fuel it was found that a significant fraction of the emitted chlorine is in the form of volatile inorganic chlorine (e.g., HCl, Cl 2 , and HOCl [Keene et al., 2001] ). Some of these compounds react rapidly in the troposphere with the OH radical or photodissociate to release atomic chlorine. In addition, filter samples taken in the Timbavati plume show that the chlorine content of the smoke aerosol relative to potassium decreases with increasing age of the smoke ], suggesting another potential source of gasphase chlorine. Under high NO x conditions, chlorine can lead to enhanced photochemical ozone production in polluted environments, due to additional oxidation of hydrocarbons [Knipping and Dadub, 2003; Tanaka et al., 2003] . The potential importance of oxidation of hydrocarbons by chlorine can be estimated by comparing the DC 2 H 2 /DCO enhancement ratio at different distances from the fire [Tabazadeh et al., 2004] . Because C 2 H 2 is unreactive towards oxidation by OH but reacts fast with Cl (4.7 Â 10 À11 molec À1 cm 3 s À1 ), a decrease in the DC 2 H 2 /DCO ratio would indicate oxidation of C 2 H 2 by Cl. However, in the case of the Timbavati plume, the DC 2 H 2 /DCO ratio remained constant over the course of one hour (see Figure 3e and Hobbs et al. [2003] ). We therefore conclude that the levels of atomic chlorine in the gas-phase in the Timbavati plume were low, and did not contribute significantly to the oxidation of hydrocarbons and the production of ozone.
Production of Acetic Acid
[58] An increase in the DCH 3 COOH/DCO enhancement ratio along the plume was observed in the Timbavati plume and Figure 6 ) and in smoke plumes from other fires [Goode et al., 2000; Yokelson et al., 2003a] , suggesting photochemical production of gas-phase acetic acid occurs within the first hour after the fire emissions are injected into the atmosphere. Our model simulations do not reproduce these observations. In the following, we discuss possible processes that lead to the formation of acetic acid and their potential importance for the observed increase in the DCH 3 COOH/DCO ratio. Reviews of the processes determining the atmospheric abundance of short-chain organic acids, including acetic acid, can be found in Chebbi and Carlier [1996] and Khare et al. [1999] .
[59] Gas-phase photochemical reactions that produce acetic acid in the model used here are the reactions of the peroxyacetyl radical (CH 3 C(O)O 2 ) with peroxyradicals, which yield acetic acid with a branching ratio of about 20% [Tyndall et al., 2001] . However, under the high NO x conditions prevailing in smoke plumes, these reactions are only of minor importance, because the peroxyacetyl radical and the peroxyradicals almost exclusively react with NO.
[60] The ozonolysis of propene and the following reaction of the Criegee radical with water vapor is another wellestablished photochemical production pathway for acetic acid included in the model simulations. However, propene ozonolysis proceeds at a slow rate (1.0 Â 10 À17 molec À1 cm 3 s À1 at 298 K), and the acetic acid yield is less than 5% [Herron and Huie, 1978] . Therefore, no significant amount of acetic acid is produced via this reaction on the timescale relevant for the present study. The inclusion of the heterogeneous reactions involving methanol as discussed in section 6.3 also did not lead to any production of acetic acid. [61] In the following, we discuss potential processes that are not included in the model simulations, which might explain the observed formation of gas-phase acetic acid. Analogous to the formation of formic acid via the reaction of HCHO with HO 2 , the reaction of acetaldehyde with HO 2 and subsequent reaction of the resulting CH 3 CH(OH)O 2 radical with NO or HO 2 might lead to the formation of acetic acid, as proposed by Moortgat et al. [1989] . Laboratory studies have confirmed that the initial reaction occurs at a rate comparable to the reaction between formaldehyde and HO 2 [Crawford et al., 1999; Tomas et al., 2001] . The resulting hydroperoxyradical, however, is less stable and therefore less likely to undergo further reactions that could lead to the formation of acetic acid than the radical formed in the corresponding reaction of HCHO [Tomas et al., 2001] . In addition, the emission ratio of acetaldehyde (ER(DCH 3 CHO/DCO) = 0.678%) based on laboratory measurements ] is significantly smaller than the observed production of acetic acid in the field. The reaction of acetaldehyde with HO 2 and subsequent reactions could therefore only explain part of the measured acetic acid production. On the other hand, substantial amounts of acetaldehyde could be emitted and be present in the particulate phase. Chemical degradation of acetaldehyde in the particulate phase might lead to the production of acetate, which can transfer into the gas-phase. The degassing of acetate as a potential source for gas-phase acetic acid will be discussed later in more detail.
[62] A recent laboratory study reports the formation of acetic acid and other organics in the reaction of ozone with a number of unsaturated hydrocarbons (Paulson et al., personal communication, 2004) . Acetic acid yields of up to 10% were observed in the ozonolysis of isoprene and 2,3-dimethyl-2-butene. Currently, atmospheric photochemical models do not include these formation mechanisms for acetic acid. We note, that the OH reaction and the ozonolysis of 2,3-dimethyl-2-butene leads to the formation of acetone, which was found in a previous study to be photochemically produced in young smoke plumes [Jost et al., 2003] . Since the rate coefficient of the ozonolysis reaction is comparably high (1.13 Â 10 À15 molecules À1 cm 3 s À1 at 298 K) [Atkinson and Arey, 2003b] , 2,3-dimethyl-2-butene has the potential to contribute to the observed acetone and acetic acid production in young plumes from biomass burning. Signals were observed at the mass associated with this compound (mass 85) in the work described by Christian et al. [2003] using a PTR-MS (R. Holzinger, private communication). The amount of the emissions observed in this laboratory study (D(m85)/D(CO) = 0.2%) is less than needed to explain the measured production of acetic acid in the Timbavati plume, but may contribute significantly to the acetone formation observed by Jost et al. [2003] .
[63] Other unidentified emission compounds and their atmospheric oxidation might enable the model simulation to reproduce the measured formation of acetic acid. Potential candidates for unidentified emissions that yield acetic acid as one of their atmospheric oxidation products are methyl-, ethyl-, isopropyl-, and isobutyl-acetate [Mellouki et al., 2003 ]. However, their reactivity with the OH radical is low [Christensen et al., 2000; Picquet et al., 1998] , and these compounds have not been observed as emission products from the combustion of biomass. It has been speculated that the atmospheric degradation of terpenes might lead to the formation of acetic acid [Jacob and Wofsy, 1988] , and terpenes have been found in biomass smoke [Ciccioli et al., 2001] . However, high uncertainty must be attributed to these emissions and, so far, laboratory studies did not identify acetic acid as an oxidation product of terpenes [e.g., Orlando et al., 2000; Jaoui and Kamens, 2003; Atkinson and Arey, 2003a] .
[64] We note that no significant formation of formic acid was simulated in our model simulation in accordance with the field measurements. The atmospheric oxidation of any potential unidentified emission compounds leading to acetic acid should therefore not produce large quantities of formic acid.
[65] Degassing of acetate from the particulate phase to form gas-phase acetic acid is another possibility to explain the presence of the enhanced mixing ratios of gas-phase acetic acid in the downwind measurements reported here. This process has been proposed to occur in the atmosphere due to the replacement of organic acids in the particulate phase with nitrate, which is produced by gas-phase photochemistry (HNO 3 ) [Tabazadeh et al., 1998 ]. In the Timbavati plume, production of particulate formate and acetate was found by relating their concentrations to the concentration of potassium, which can be assumed to be a passive tracer . The CH 3 COO/K ratio increased from a value of 0.038 for a filter sample close to the fire to a value of 0.275 in a sample taken at a distance of about 30 km downwind the fire (i.e. approximately 50 minutes after the emissions were injected into the atmosphere). The absolute concentration of acetate dropped from 2.7 mg m À3 to 1.1 mg m À3 between these two samples. While the increase in the CH 3 COO/K ratio suggests production of acetate in the particulate phase, the absolute concentration of acetate present in the particles is far below the gas-phase concentration of acetic acid (gas phase: approx. 30 ppb CH 3 COOH, particulate phase: approx. 1 ppb CH 3 COO). To explain the measured increase of gas-phase acetic acid, the main part of the particulate acetate would have to have degassed quickly from the particulate phase. This process is rather unlikely, but cannot be excluded. Based on the filter measurements, no compound could be identified that could serve as a source for acetate in the particles (i.e., the ratio of this compound to potassium would decrease with distance from the Timbavati fire). In a recent laboratory study, gaseous acetic acid was found as a minor product in the oxidation of pyrene surfaces by OH [Molina et al., 2004] .
[66] Chemical reactions on the surface of the smoke particles (rather than in the bulk of the particles) would be more consistent with the observations. One possible pathway, though highly speculative, would be a catalytic pathway that produces acetic acid from methane, CO, or methanol. Transformations of these compounds into acetic acid have been reported in the laboratory under different conditions and in the presence of different catalysts (e.g., vanadium complexes) [e.g., Nizova et al., 1998; Periana et al., 2003; Reis et al., 2003] . The chemical composition of biomass-burning particles is still rather poorly understood and depends on the fuel type, but they do contain a large number of elements, including metals that might serve as catalysts for the above mentioned reactions [Turn et al., 1997] .
[67] We conclude that the origin of the observed production of gas-phase acetic acid found in the plume from the Timbavati fire and in other plumes from biomass burning remains uncertain. It is possible that the inclusion of a, so far, unidentified compound in the fire emission that leads to the formation of acetic acid (e.g., 2,3-dimethyl-2-butene) would also improve the model performance with regards to the ozone measurements. Further detailed measurements of fire emissions and their downwind evolution are highly desirable. Our analysis suggests that the particulate phase might be important for understanding processes in young smoke plumes and potentially in other polluted environments. Further laboratory and field studies involving the interactions between the gas and the particulate phase are needed.
Summary and Conclusions
[68] We have conducted a detailed investigation of the photochemical processes that occurred in the plume from the prescribed Timbavati savanna fire using a photochemical box-dilution model constrained to and evaluated with field measurements. The model includes representations of the atmospheric photochemical oxidation mechanisms of the main emissions from savanna fires, including toluene, phenol, and furan. Comprehensive field measurements of chemically passive tracers (e.g., CO) along the smoke plume allow constraint of the model simulations.
[69] The field measurements show a production of ozone and acetic acid within the first hour after the emissions were injected into the atmosphere. The model also simulates photochemical production of ozone, but underestimates the amount compared to the field measurements. While the observations show ozone mixing ratios up to about 140 ppb and a DO 3 /DCO enhancement ratio of 8%, the corresponding values from the model simulations are about 70 ppb and 4%, respectively. Besides underestimating the ozone production, the model results suggest an underprediction of the photochemical loss of methanol and nitrogen dioxide in the plume. Several possible reasons for the underestimation of the ozone concentration have been presented, including the potential impact of the smoke aerosol on the photolysis frequencies and uncertainties in the initial emissions. The reduction of the photolysis frequencies due to the presence of the smoke reduces the simulated ozone mixing ratio. Assuming a possible increase in the VOC/NO x emission ratio significantly improved the model-measurement comparison. The inclusion of a previously proposed surface reaction of methanol with NO 2 also improves the comparison between the model results and the field measurements.
[70] No significant production of acetic acid is simulated, thus the cause for the observed increase in the DCH 3 COOH/ DCO ratio remains unclear. Known gas-phase reactions of known emissions are not responsible for the observed production of acetic acid. Inclusion of so-far undetected emissions with properties such as those of 2,3-dimethyl-2butene might help to improve the comparison between the model results and the field measurements. So far 2,3dimethyl-2-butene has not been found in smoke from biomass burning. Processes involving the particulate phase (either on the surface or in the bulk of the particles) might also contribute to the measured production of acetic acid in the Timbavati plume.
[71] The present study used the most comprehensive data set to date on chemical transformations in young plumes from biomass burning to investigate the processes that lead to the observed increases in ozone and acetic acid. The remaining discrepancies between the results from the model simulations and the field observations point to significant shortcomings in our understanding of young smoke plumes. In particular, speciating the unidentified VOCs and characterizing gas-particle interactions deserve more attention.
